Structure prediction indicates that the central part of PON may adopt a coiled-coil structure. Since PON interacts with the PTB domain of Numb, we searched for the known PTB domain-binding motif φXNPXY (where φ stands for a hydrophobic amino acid, X for any amino acid, and N, P, and Y stand for Asn, Pro, and Tyr, respectively) in PON sequence and did not find such a motif. Instead, we found nine NPXX motifs in the N-terminal portion of the protein, four of which fit the φXNPXX consensus. Since certain PTB domain-containing proteins can bind to the NPXY motif in the absence of tyrosine phosphorylation or when the Y residue is mutated (Borg et al., 1996) , the NPXX motifs in PON protein could be binding sites for the Numb PTB domain. each other, we tested whether these two proteins can form a complex in solution. In vitro translation products of Numb and PON were mixed and subjected to immuidentified by virtue of its direct interaction with the localnoprecipitation with anti-Numb antibody. As shown in ization domain of Prospero and encodes a novel coiled- Figure 2A , the anti-Numb antibody can precipitate both coil domain containing protein that is asymmetrically Numb and PON, demonstrating that Numb and PON localized. Loss of miranda function affects Prospero bind to each other in solution. crescent formation and results in the uniform distribuWe used the yeast two-hybrid assay to characterize tion of Prospero during neuroblast divisions (Ikeshima- further the interaction between Numb and PON (Table  Kataoka et Shen et al., 1997) . Although Miranda 1). First, deletion variants of PON were tested for their also interacts with Numb in vitro, the asymmetric localinteractions with the Numb PTB domain to map the ization of Numb is not affected in miranda zygotic muregion in PON responsible for interaction with Numb. tant embryos (Shen et al., 1997) .
The PON-A construct (amino acids 1-222), which inTo identify cellular components that are required to cludes all the NPXX motifs, retains the ability to interact localize Numb directly, we have searched for proteins with the PTB domain of Numb. This suggests that the that interact with Numb in a yeast two-hybrid screen.
N terminus of PON contains a domain that binds Numb. Previous structure-function analysis indicated that the N However, we cannot exclude the possibility that a secterminus of the Numb protein, containing a membraneond domain in PON can also interact with Numb. Such targeting domain and the PTB domain, is sufficient to a domain may have been broken by our deletions. We direct the asymmetric localization of a heterologous pronext addressed the specificity of Numb-PON interaction tein (Knoblich et al., 1997) . Here we report the identificaby testing mutant forms of Numb for their ability to intertion of a novel gene, named partner of numb (pon), act with PON. Based on studies of the interaction bewhose product interacts with the PTB domain of Numb.
tween mammalian Shc PTB domain and its binding motif The expression and asymmetric localization of PON co-φXNPXY (Zhou et al., 1995; Borg et al., 1996) , we introincides with asymmetric cell division and Numb localizaduced point mutations in conserved residues of Numb tion. Our analyses of Numb localization under pon loss-PTB domain and tested the abilities of these mutant of-function and ectopic expression situations indicate forms of Numb to interact with PON. Mutations in Serthat PON is an important component of the cellular ma-148 and Arg-165 of Numb PTB domain (corresponding chinery that localizes Numb by responding to polarity to residues Ser-151 and Arg-169 in Shc, critical for bindcues conserved in neuroblasts and epithelial cells.
ing to the phosphotyrosine residue) did not affect its interaction with PON. However, mutation of Phe-195 in Results the PTB domain of Numb (corresponding to in Shc that contacts the φ and N residues) dramatically Identification of pon reduced its interaction with PON. This suggests that the We used the yeast two-hybrid system (Bartel et al., 1993) interaction between Numb and PON probably involves to isolate proteins that interact with the Numb PTB dospecific contacts between Phe-195 in the Numb PTB main. From approximately ten million cDNAs screened, domain and possibly the φ and N residues in the NPXX positive clones representing five different genes that motifs of PON. This analysis demonstrates the specificshow specific interaction with the Numb PTB domain ity of the Numb-PON interaction. were isolated. One gene, pon, was chosen for further analysis based on its RNA expression pattern.
The full-length cDNA encodes a protein of 672 amino
Numb and PON Form a Complex In Vivo
To study the physiological relevance of the Numb-PON acids, with a predicted molecular weight of 76,122 daltons (Figure 1 ). Database searches with pon sequences interaction detected in vitro, we tested whether the two proteins interact in Drosophila embryos. A C-terminal did not reveal any gene that shows significant homology. ( Figure 2B ). This coimmunoprecipitation of PON and Miranda may result, at least partly, from their direct binding, as protein-protein interaction between the two has been detected in the yeast two-hybrid assay (data not shown). Since Numb and Miranda also interact in vitro (Shen et al., 1997) , our result suggests that in vivo, Numb, PON, and Miranda may associate with one another in a complex.
Colocalization of PON and Numb during Mitosis of Neural and Muscle Precursor Cells
Our RNA in situ hybridization analysis indicates that pon is expressed in neuroblasts and sensory organ precursor (SOP) cells in the nervous system and muscle progenitor cells in the mesoderm (data not shown). To cortex ( Figures 3B-3D ). In the SOP cells PON is also asymmetrically localized in a fashion similar to that in Myc-tagged version of PON was expressed in Drosophneuroblasts. Double labeling of Numb and PON shows ila embryos using the UAS-GAL4 system (Brand and that the two proteins are colocalized during mitosis of Perrimon, 1993) . Protein extracts made from transgenic SOP cells ( Figures 3E-3H ). We also examined PON localfly embryos were immunoprecipitated with anti-Myc anization in imaginal disc tissues. In imaginal discs at putibody. As shown in Figure 2B , PON protein is present parium formation, PON is expressed in SOP cells for the in the immunoprecipitate, as expected. Probing the imadult sensory organs and is asymmetrically distributed munoblot with Numb antibody detected Numb in the and colocalized with Numb during mitosis (data not immunocomplex. Thus, the interaction between Numb shown). and PON detected in vitro also occurs in vivo.
We next examined the localization of PON in muscle Probing of the immunocomplex with antibodies against progenitors. We used the even-skipped (Eve) antibody other proteins known to be involved in protein localization showed that Miranda is also present in the complex to identify a subset of the muscle progenitor cells (P2 and P15) at stage 10 embryos. When these cells are undergoing mitosis, as indicated by the cytoplasmic distribution of the nuclear protein Eve and DNA staining, PON forms a crescent starting at late prophase and is segregated predominantly to one of the two daughter cells after cell division. Double labeling of Numb and PON shows that they colocalize in these mitotic muscle progenitor cells ( Figures 3I and 3J ). We conclude that in dividing neuroblasts, SOP cells, and muscle progenitor cells, PON and Numb are colocalized during their asymmetric localization.
Differential Influence of Insc on PON Localization in Different Cell Types
To understand the relationship between pon and other genes known to be involved in asymmetric cell division, we examined the localization of PON in numb, prospero, miranda, and insc mutants. In embryos homozygous for null alleles of numb ( Figure 4B ), prospero, or miranda (data not shown), the localization of PON in dividing neuroblasts is similar to that in wild-type embryos. PON localization in SOP cells of these mutant embryos also appears normal ( Figure 4E ; data not shown). Thus, zygotic numb, prospero, and miranda are not required for the asymmetric localization of PON.
In embryos homozygous for a null allele of insc, we observed different effects on the localization of PON in different cell types. In dividing neuroblasts of insc mutant embryos, PON either forms crescents that are randomly positioned and not aligned with the mitotic spindle or are present all around the membrane ( Figure 4C ). However, in dividing SOP cells of insc mutants, PON crescent formation and the alignment of PON crescent with the mitotic spindle appear normal, with the crescent always positioned over one of the spindle poles ( Figure  4F ). Similarly, the localization of Numb is also not affected in SOP cells of insc mutants (data not shown). Therefore, Insc is required for the localization of PON in neuroblasts of the CNS but is not necessary for PON localization in SOP cells of the PNS.
Altered Numb Localization Caused by pon

Loss of Function
Given that Numb is not required for the localization of PON, we tested whether PON is required for the localization of Numb. We used a transposon mutagenesis approach to generate two mutant alleles of pon, pon embryos, we observed that the asymmetric localization division, Numb protein is eventually segregated predominantly to one of the two daughter cells (Figures 6C of Numb is affected. In mitotic muscle precursor cells of stage 10-11 wild-type embryos, both PON and Numb and 6D) . This delay of crescent formation is specific to Numb, as the localization of Prospero is normal (Figure are localized as a crescent at late prophase, the crescent persists through metaphase and anaphase and is segre-6J). The localization of Miranda and Insc are also not affected in pon mutants (data not shown). gated predominantly to one of the daughter cells after cell division (Figures 5A and 5B) . However, in mitotic
To confirm that loss of pon function is responsible for the observed defects in Numb localization, we tested muscle precursors of pon mutant embryos, Numb is uniformly distributed at prophase and metaphase in all whether a pon transgene can rescue the mutant phenotypes. The UAS-GAL4 system was used to express a the embryos examined ( Figure 5C ). After division, Numb is equally distributed to both daughter cells in approxi-UAS-pon transgene in a tissue-specific manner in pon mutant embryos. To rescue the defects in muscle premately 50% of the cells examined ( Figure 5D ). In the rest of the cells, we observed either predominant segrecursors, we used the twist-GAL4 line to drive pon expression in mesodermal cells. In pon mutant embryos gation of Numb to one of the daughter cell, as observed in wild-type cells, or moderately polarized distribution that have acquired the transgene-provided PON protein, Numb is localized normally in all mitotic muscle precurof Numb, with one daughter cell receiving noticeably higher amounts of Numb than the other cell.
sor cells examined, where Numb starts to form a crescent at late prophase and is distributed predominantly In neuroblasts and SOP cells of pon mutants, we observed that there is a delay in Numb crescent formation.
to one of the daughter cells after division ( Figures 5E and  5F ). Similarly, we used the scabrous-GAL4 line, which At late prophase, Numb is present all around the cell cortex ( Figure 6A ), whereas in wild-type embryos Numb drives gene expression in neuroblasts and SOP cells, to rescue the delay of Numb crescent formation in neural has already formed a crescent at this time ( Figure 6E ). At metaphase, most of the neuroblasts still show uniform precursor cells. In mutant embryos that have acquired the transgene-provided PON protein, the delay of Numb distribution of Numb ( Figure 6B ), while others (approximately 30%) show polarized distribution of Numb, where localization is corrected and Numb is localized in a fashion indistinguishable from that in wild-type embryos Numb is distributed along the basal and lateral sides of the membrane. At anaphase and telophase, however, (Figures 6G and 6H) . This demonstrates that the observed Numb localization defects in pon mutant emthe majority of Numb protein is concentrated at the basal side of the membrane to form a crescent. After cell bryos are specific to the loss of pon function. 
Mesodermal Phenotypes Associated with pon
these muscles show clear transformations under numb loss-of-function and ectopic expression conditions. In
Loss of Function
The role of Numb in specifying certain cell fates in the a numb mutant, LT4 is transformed into LT3 and ectopic expression of numb transforms LT3 into LT4 (Gomez myogenic lineage has been defined previously. To test whether the mislocalization of Numb caused by loss of and Bate, 1997). In pon mutants embryos, we frequently observe lateral muscle phenotypes suggesting LT3 bepon function affects muscle development, we analyzed pon mutants with molecular markers such as anti-Eve, ing transformed into LT4 ( Figure 5J ), as judged by the morphology of these muscle fibers. Further analysis with which stains EPC (Eve ϩ pericardial cells), the descendents of the P2 progenitor, and MAb6D5, which stains appropriate molecular markers specific to LT3 or LT4 may confirm this transformation. somatic muscles. In pon mutants, there is a reduction in the number of EPCs ( Figure 5H ), a phenotype observed when Numb is mislocalized or ectopically expressed in Ectopic Expression of PON Confers Asymmetric Numb Localization in Epithelial Cells the progenitors of these cells (Gomez and Bate, 1997; Carmena et al., 1998) . Staining with MAb6D5 showed
The observed defects of Numb localization under pon loss-of-function conditions indicate that PON is necesthat in pon mutants there is a severe reduction and disorganization of somatic muscles. We focused our sary for the correct localization of Numb. We then tested whether misexpression of PON is sufficient to direct analysis on the lateral set of muscles (LT3 and LT4), as Numb localization in cell types in which Numb is normally uniformly distributed. The expression pattern of Numb in embryos is broader than that of PON, and in cells types where Numb but not PON is expressed, such as epithelial cells, Numb is uniformly distributed during mitosis. Therefore, we used the hairy-GAL4 enhancer trap line to drive pon expression in a pair-rule pattern in epithelial cells of the embryonic epidermis. In mitotic epithelial cells of a stage 12 embryo that ectopically express PON, we observed that ectopic PON provided by the transgene is localized as basal crescents ( Figure  7A ). In the mitotic epithelial cells that show basal localization of PON, Numb also forms a crescent and is colocalized with PON ( Figures 7B and 7C ). This result shows that PON can respond to epithelial polarity and is sufficient to drive the asymmetric localization of Numb in epithelial cells. Since Insc is not expressed in epithelial cells (Kraut and Campos-Ortega, 1996) , this result demonstrates that PON is sufficient to asymmetrically localize Numb independent of Insc.
Discussion
We have identified a novel gene product, PON, which physically interacts with Numb both in vitro and in vivo. Our analyses of Numb localization under pon loss-offunction and ectopic expression conditions indicate that PON is an important component of the cellular machinery that localizes Numb. Moreover, our findings have several implications on asymmetric cell divisions. First, previous studies showed that Numb appears to have a fairly universal function as an intrinsic factor to make two daughter cells different. It functions in the fly PNS, CNS, and muscle in much the same way (Uemura et al., 1989; Rhyu et al., 1994; Guo et al., 1996; Gomez and Bate, 1997; Carmena et al., 1998; Dye et al., 1998; Skeath and Doe, 1998 ). The present study shows that the mechanisms for asymmetrically localizing Numb may also be shared between the nervous system and muscle, with PON as a common component. Second, previous work showed that Miranda functions as an adaptor to localize Prospero and prospero mRNA in mitotic neuroblasts (Ikeshima-Kataoka et al., 1997; Shen et al., 1997; Schuldt et al., 1998; Shen et al., 1998) . This work shows that PON serves an analogous role for cells) for controlling Numb localization  Numb is shown in green and DNA in red. Note that in prophase and Carmena et al., 1998) . There are, therefore, Insc-depenmetaphase neuroblasts, Numb crescents do not form. At anaphase, dent and Insc-independent mechanisms for localizing Numb crescents start to form, and at the end of cell division, Numb is distributed predominantly to the GMC cell.
Numb. This study suggests that both Insc-dependent (E and F) Numb localization in wild-type neuroblasts. A late prophase and -independent mechanisms act through PON. Thus, (E) and a metaphase (F) neuroblast are stained with Numb and PON is a converging point in the Numb localization propidium iodide. Note that Numb forms a crescent at both stages. pathway.
(G and H) The delayed Numb crescent formation phenotype in neuroblasts can be rescued by introducing a pon transgene. Two neuroblasts from a rescued embryo, one at prophase (G) and another at metaphase (H), are stained with anti-Numb antibody (green) and for it to have a role in the asymmetric localization of to localize Numb asymmetrically, even though these cells are capable of localizing misexpressed Insc apically . These results are consistent with the notion that Insc controls Numb localization indirectly via intermediate molecules (or adaptors) such as PON. That PON functions in localizing Numb is further supported by analysis of Numb localization when pon function is missing. In dividing muscle precursor cells of stage 10-11 pon mutant embryos, the asymmetric localization of Numb is disrupted in approximately 50% of the cells examined and Numb is distributed to both daughter cells. The effect of loss of pon function on Numb localization in neuroblasts and SOP cells is less severe. In these cells a delay of Numb crescent formation is observed. Nevertheless, the mutant phenotypes suggest that PON is necessary for the correct localization of Numb in both muscle and neural progenitor cells.
PON Functions in the Localization of Numb in the propidium iodide (red).
Nervous System and the Muscle Lineage
There are several possible explanations for the partial penetrance of Numb localization defects in pon mutants. First, maternal contribution of pon RNA or protein may be the source of activity that localizes Numb in pon mutant embryos. Our RNA in situ hybridization analysis suggests that there is maternal contribution of pon RNA that may persist during early stages of embryonic myogenesis and neurogenesis (data not shown). Although we have not detected maternally contributed PON protein, this could be due to a low abundance of the protein or a low sensitivity of our antibody. Removal of maternal contribution by making germ-line mitotic clones will test this possibility. Second, the asymmetric localization of Numb may involve a combination of PON anchoring and other mechanisms, such as aggregation of Numb by a capping mechanism or selective degradation of Numb in one domain of the membrane. Third, there may be functional redundancy in the Numb localization process, and other protein(s) may be involved. Previous structure-function analysis of Numb localization supports this scenario. Although the Numb N-terminal sequence con- and pon play redundant functions in Numb localization by constructing double mutants. It appears that Numb Numb. Evidence for the function of PON in Numb locallocalization in early stage double mutant embryos is ization comes from analyses of Numb localization under similar to that in pon single mutant (B. Lu, unpublished pon ectopic expression and loss-of-function conditions. data). This suggests that other yet-to-be-identified facWhen pon is misexpressed in epithelial cells of the ectotors may be involved in Numb localization. However, we derm, it is asymmetrically localized to the basal side of can not exclude the possibility that miranda and pon the membrane during mitosis and is sufficient to direct play redundant functions in Numb localization but the the basal Numb crescent formation in these cells. (Bodmer et al., 1989) . It is possible that Frizzled signaling, which has been shown to control are the basal localization of Numb and PON, the apical localization of Insc, and the initial apical then basal localplanar polarity in Drosophila and C. elegans (Adler, 1992; Sawa et al., 1996; Rocheleau et al., 1997; Thorpe et Gho and Schweisguth, 1998 ). An important implication of our results is that Numb localization depends on either (Li et al., 1997) .
The colocalization of Numb, PON, Prospero, and MiInsc-mediated apical-basal polarity (as in the case of neuroblasts) or Insc-independent planar polarity (as in randa crescents to the basal cortex of neuroblasts in wild-type embryos or at random positions in insc mutant the case of SOP cells) and that PON is a common component in both processes. It will be very interesting to points to the existence of a basal complex. Schuldt et al., 1998) . The in vivo coimmunoprecipitation cells is asymmetrically localized to the basal cortex suggests that PON can respond to the apical-basal polarity
